We adapt a mouse global ischemia model to permit rapid induction of ischemia and reperfusion in conjunction with two-photon imaging to monitor the initial ionic, structural, and functional implications of brief interruptions of blood flow (6 -8 min) in vivo. After only 2-3 min of global ischemia, a wide spread loss of mouse somatosensory cortex apical dendritic structure is initiated during the passage of a propagating wave (3.3 mm/min) of ischemic depolarization. Increases in intracellular calcium levels occurred during the wave of ischemic depolarization and were coincident with the loss of dendritic structure, but were not triggered by reperfusion. To assess the role of NMDA receptors, we locally applied the antagonist MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate] at concentrations sufficient to fully block local NMDA agonist-evoked changes in intracellular calcium levels in vivo. Changes in dendritic structure and intracellular calcium levels were independent of NMDA receptor activation. Local application of the non-NMDA glutamate receptor antagonist CNQX also failed to block ischemic depolarization or rapid changes in dendrite structure. Within 3-5 min of reperfusion, damage ceased and restoration of synaptic structure occurred over 10 -60 min. In contrast to a reperfusion promoting damage, over this time scale, the majority of spines and dendrites regained their original structure during reperfusion. Intrinsic optical signal imaging of sensory evoked maps indicated that reversible alteration in dendritic structure during reperfusion was accompanied by restored functional maps. Our results identify glutamate receptor-independent ischemic depolarization as the major ionic event associated with disruption of synaptic structure during the first few minutes of ischemia in vivo.
Introduction
Although synapses may be a target of ischemia (Hasbani et al., 2001; Zhang et al., 2005) , the sequence of ionic and electrical events that conspire to damage synaptic circuitry and potentially lead to cell death have been difficult to resolve in vivo with current stroke models and macroscopic imaging approaches (Kastrup et al., 2000; Biernaskie et al., 2001) . Previous work implicates a variety of different mechanisms in the demise of neurons and their synaptic networks during ischemia, including ischemic depolarization, excitotoxic [Ca 2ϩ ] i changes, nonselective ion channels, membrane breakdown, and reperfusion injury Erecinska, 1990, 1992; Nedergaard and Hansen, 1993; Hossmann, 1996; Kaminogo et al., 1998; Lee et al., 1999; Joshi and Andrew, 2001; Aarts et al., 2003; Hoyte et al., 2004; Xiong et al., 2004; Anderson et al., 2005; Thompson et al., 2006; Chuquet et al., 2007) . Although a wealth of mechanistic data exists for in vitro simulated stroke, it is unclear whether the same mechanisms are at work in vivo, or how these events are related to structural and functional disruption of synaptic networks. When in vivo imaging was used previously to demonstrate loss of dendritic spines with ischemia, and their return during reperfusion , the photothrombotic model used did not permit controlled reperfusion or temporal resolution better than 20 -30 min, nor did this study evaluate the mechanism of damage. To determine the events leading up to ischemia-induced changes in dendritic structure and their relation to brain function, we devised a mouse in vivo global ischemia model compatible with two-photon imaging in which we can titrate the duration of ischemia to within seconds and can rapidly alternate between the initiation of ischemia or reperfusion. The ability to rapidly reverse ischemia allows us to produce multiple ischemic episodes within the same animal, permitting us to focus on the initial reversible events associated with ischemia, and not necessarily later irreversible processes associated with cell death. A central hypothesis in the stroke literature is that ischemiainduced energy failure leads to aberrant release of glutamate and overstimulation of its receptor channels triggering many of the acute effects of stroke (Lee et al., 1999) . Here, using in vivo imaging we delineate the early ionic and structural events associated with brief global ischemia and examine their sensitivity to blockade of glutamate receptors. We show that apical dendrites of layer V cortical neurons undergo profound alterations in structure with global ischemia, and that the chief mechanism of dendritic blebbing and spine loss is a propagating ischemic depolarization that envelops the cortex 2-3 min after ischemic onset and occurs independently of ionotropic glutamate receptors.
Materials and Methods
Transgenic mice. We have studied a total of 59 adult male and two female (2-5 months of age) yellow fluorescent protein (YFP)-H and green fluorescent protein (GFP)-M transgenic mice (Feng et al., 2000) , as well as fluorescence protein-negative C57BL/6 wild-type mice. C57BL6 YFP-and GFP-expressing transgenic mice (H and M lines) (Feng et al., 2000) were bred at the University of British Columbia animal facilities. All experiments used urethane anesthesia as in . Briefly, anesthesia was induced with intraperitoneal injection of urethane (0.12% w/w) and body temperature was maintained at 37 Ϯ 0.5°C using a heating pad and feedback regulation from a rectal temperature probe. A sufficient level of anesthesia was confirmed by the lack of a toe-pinch reflex, typically established within 90 min of the initial urethane injection and maintained with only minimal supplementation (Ͻ10% of the initial urethane dose) for up to 8 h during experiments. Hydration was maintained by intraperitoneal injection of saline (200 -300 l) with 20 mM glucose at 1-2 h intervals. The experimental protocols were approved by the University of British Columbia animal care committee and consistent with Canadian Council on Animal Care and Use guidelines.
Surgical procedure and imaging. The surgical procedures for preparing a cranial window and the in vivo two-photon imaging methods have been described previously . Briefly, animals were fitted into a custom-made head hold. Two-photon excitation was performed with a Coherent Mira 900 Ti-sapphire laser pumped by a 5 W Verdi laser and tuned to 900 -920 nm to excite YFP or GFP. The cortex was covered with 1.3% low-melt agarose (at 37-38°C; Type 3-A; A9793; Sigma, St. Louis, MO) dissolved in HEPES-buffered artificial CSF (ACSF) and sealed with a glass coverslip (#1) as in . In experiments with propidium iodide and NMDA pressure injection with Alexa 594, the laser was tuned to 810 nm. Images were acquired by custom software (Igor) and by using an Olympus (Tokyo, Japan) IR-LUMPlanFl waterimmersion objective [40ϫ, 0.8 numerical aperture (NA)]. For in vivo time-lapse imaging of dendritic structure, multiple z-series were taken at ϳ1-3 min time intervals. After reperfusion, stacks were taken less frequently to avoid potential laser damage. To ensure that the best optical conditions were present for spine imaging, most images of dendrites were taken within the first 70 m of cortex where the dendrites of layer V neurons project laterally (layer I). The images were taken with a pixel size of 0.2 m, typically spanning a 205 ϫ 205 m area, and were the average of three frames taken over 5.5 s. Occlusion was confirmed by in vivo two-photon imaging of blood flow as described previously ; blood plasma was labeled through a tail-vein injection of a 0.1 ml bolus of 5% (w/v) Texas-Red (TR) dextran (70 kDa; Invitrogen, Eugene, OR) in PBS.
To test of whether changes in detection or disposition of GFP or YFP protein could account for the apparent changes in structure, we examined the integrated (GFP or YFP) fluorescence over ischemic tissues. We observed a relatively small reversible decrease (31 Ϯ 5%; n ϭ 3 animals) in total fluorescence when dendrites underwent an abrupt shape change during global ischemia. The change in integrated signal was likely caused by changes in tissue light scattering and/or ischemic pH effects on the proteins used to view the structure (Griesbeck et al., 2001) . These relatively small reductions in intensity suggest that the change in dendrite shape we observe is not attributable to a dramatic loss of two-photon fluorescence signal or changes in optical properties (for more evidence, see Discussion).
Calcium imaging, propidium iodide, and blood flow. In vivo loading with the membrane permeable Ca 2ϩ indicator Oregon Green BAPTA-1 AM (OGB-1 AM; Invitrogen) was performed by pressure injection (30 -60 s, 5-10 psi; Picospritzer II; General Valve Corporation, Fairfield, NJ) of a 0.2 m filtered 0.8 mg/ml OGB-1 AM (with 6.7% DMSO/1.3% pluronic) containing ACSF solution with Alexa 594 as a tracer (40 M) into the somatosensory cortex using the protocol described by Stosiek et al. (2003) . The injection pipettes were ϳ5-7 M⍀ in resistance. The maintained presence of Ca 2ϩ indicator within neurons was confirmed by two-photon imaging (of basal fluorescence) and by [Ca 2ϩ ] i elevation and lack of saturation using a second round of ischemia ϳ2 h after the first (see Fig. 5 ). During the second round of ischemia a similarly strong increase in OGB-1 fluorescence (apparently reflecting changes in [Ca 2ϩ ] i ) was also observed during ischemic depolarization (n ϭ 4 animals). Remarkably, one animal showed an increase in OGB-1 fluorescence during a third round of ischemia, which was 3 h after the first induction and 1 h after the second. These findings are inconsistent with OGB-1 [molecular weight (MW), 919 g/mol] undergoing widespread efflux from cells. Although, strong increases in OGB-1 fluorescence were coincident with ischemic depolarization, we caution that quantitative comparisons of the magnitude of the signal changes are difficult to make across animals, given that single wavelength calcium probes used are not intended for quantitative purposes in vivo, because small changes in background fluorescence or other factors could affect relative changes in signal.
In Ca 2ϩ imaging experiments, we used simultaneous imaging of OGB-1 and GFP or YFP (XFP) to assess [Ca 2ϩ ] i and structure respectively within layer I. Although these fluorophores were detected within the same green channel, the fluorescent protein signal was confined to a relatively small area (for an example with lower GFP process density, see supplemental Fig. 3 , available at www.jneurosci.org as supplemental material) and did not increase when the signal of OGB-1-labeled neuronal cell bodies (layer II) or layer I neuropil increased with ischemic depolarization. These findings (XFP signal not increasing) argue against a change in imaging conditions producing the abrupt elevation in OGB-1 fluorescence. Furthermore, to confirm that the sudden rise in OGB-1 fluorescence was not the result of nonspecific factors, we also monitored the fluorescence of Texas Red-labeled blood vessels at the same time and failed to observe any increase in its signal during ischemic depolarization and structural breakdown (data not shown).
For imaging of [Ca 2ϩ ] i or propidium iodide (PI) uptake a wider (up to 2-4 m) z-spacing was used to capture both layer I dendrites and in some cases layer II neuronal cell bodies (imaging down to 240 m depth). PI (30 -60 M) was pressure injected without OGB-1 using a similar procedure with Alexa 594 as a tracer, although no pluronic or DMSO was present. Red blood velocity was measured from frame scan images in which blood vessels were identified that were oriented parallel to the scanning axis as described previously .
IOS imaging. For intrinsic optical signal (IOS) imaging, a large craniotomy (ϳ3 ϫ 3 mm 2 ) was performed as by Zhang and Murphy (2007) and imaging performed with a charge-coupled device camera (XC ST70; Sony, Tokyo, Japan). The cortical surface was illuminated by red and green sets of light-emitting diodes (LEDs) mounted around a microscope objective (or video lens) driven by a regulated direct current (DC) power supply (Circuit Test, Burnaby, British Columbia, Canada) . The green LED light source was used for visualizing the surface of the cortex and pattern of vessels. The red LED light source (center at 635 nm) was used for IOS imaging. For imaging of functional maps, the depth of focus was set to 200 m below the cortical surface. Image acquisition was performed using XCAPstandard version 2.2 imaging software (EPIX, Buffalo Grove, IL) through a 2.5ϫ Zeiss (Oberkochen, Germany) Plan Neofluor 0.075 NA objective. In some cases a Dalsa (Waterloo, Ontario, Canada) M-60 Pantera 12-bit camera was used for IOS and was mounted on a video microscopy setup (or an Olympus BX 51 upright scope) that used a short focus front to front video lens system (Bonhoeffer and Grinvald, 1993) . We typically imaged an area of 3.1 ϫ 2.3 mm with a pixel size of 4.1 m. Each data collection session consisted of 10 trials taken at 20 s apart. During each trial, 50 control images were collected over 1.67 s and another 50 images were collected after limb stimulation. Eight-bit images in repeated trials were summed in 16 bits and then a 32-bit ratio image depicting changes in 635 nm reflectance after stimulation was created (integrated stimulated image from 0 to 1.5 s after stimulation divided by integrated baseline image from 0 to 1.5 s prestimulation). We typically performed 30 -40 stimulus trials before and after ischemia for a given time point. Limb stimulation was produced by a pencil lead glued to the skin of the contralateral paw under the control of a stereo speaker or piezoelectric device driven by an isolated pulse stimulator (Model 2100; A-M Systems, Everett, WA). Vibrotactile stimuli were delivered at 100 Hz for 1 s. The image acquisition, limb stimulation, and LED illumination were synchronized using TTL signals.
A 1 s long stimulus delivered to either the fore or hind limb resulted in a biphasic IOS lasting several seconds (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The signal consisted of scattered (reflected) light derived from illuminating the cortex with a 635 nm light emitting diode array (ϳ30 nm half width). At 1.5 s after stimulation the signal changed from a deflection (local deoxygenation) to a positive-going increase in scattered light apparently attributed to a general increase in blood flow (supplemental Fig.  1 , available at www.jneurosci.org as supplemental material). The late signal was not necessarily forelimb or hindlimb specific. Using interleaved trials (typically 20 -40 stimulus presentations per limb), we produced maps of local somatosensory function in animals before and after ischemia by restricting our analysis to the first 1.5 s after limb stimulation.
VSD imaging. A craniotomy was made as described above and voltage-sensitive dye (VSD) RH-1692 (Optical Imaging, New York, NY) (Shoham et al., 1999) (concentration adjusted by optical density to 3-6 OD units) was dissolved in HEPES-buffered ACSF and applied for 90 min to label the cortex that lacked overlying dura. Forelimb, hindlimb, or null stimulation trials were taken every 10 s. Data were analyzed by frame by frame division of averaged forelimb or hindlimb stimulation trials by the null trial data to correct for bleaching. Illumination was performed using a single red LED (Luxeon K2, 627 nm) and fluorescence filter set as outlined previously (Ferezou et al., 2006) with an Olympus XLfluor 4ϫ 0.28 NA objective focused 200 m below the surface and imaged with a Dalsa 1M60 camera using a similar analysis as that used for IOS imaging.
Global ischemia model. For surgery the mouse was placed on its back and we put a 1 ml syringe under its neck to expose the trachea. A small amount of a local anesthetic (50 l of lidocaine, s.c.) was injected into the neck region before making an incision over the thyroid gland. The thyroid and associated musculature and connective tissue were carefully dissected away from the trachea. The common carotid arteries were separated from the vagus nerves and muscles using blunt forceps. A suture (5-0, silk; Ethicon, Somerville, NJ) was looped around each common carotid artery (CCA) and then the 2 sets of suture loops were crossed in an X pattern across the trachea. The X pattern helps to give the sutures something to pull against. The area around the CCAs and looped sutures was then moistened using saline solution. Using two stitches, the incision was closed with the looped sutures pulled through a space in the skin to allow access and tensioning during imaging. The animal was turned upright and placed on an imaging frame and the craniotomy procedure performed. During two-photon imaging, ischemia was monitored using video microscopy of surface blood flow or by electroencephalogram (EEG) depression. To induce ischemia, we carefully pulled on both sutures and secured them with tape. Reperfusion was induced by removing the tension on the sutures. Preliminary Doppler blood-flow measurements indicated that this procedure was sufficient to produce a Ͼ90% reduction in cortical blood flow within seconds of tensioning fine sutures placed around each CCA (data not shown). Consistent with the model having a widespread impact, we observed a significant slowing of the heart rate if CCA ligation was prolonged for Ͼ8 min, and in some cases within 6 -7 min. To avoid compromising the health of the animals we limited the ischemic period to 6 -8 min (average 6.7 Ϯ 0.2 min) and initiated reperfusion earlier if the heart rate slowed significantly (see above).
EEG recording. For EEG recording, a Teflon coated silver wire (0.125 mm; World Precision Instruments, Sarasota, FL) was placed on the surface of the cortex within the agarose. A reference electrode was placed on the nasal bone under the skin. In some animals we used a reference electrode placed over the animal's back between the scapula. The cortical signal was amplified and filtered (0.1-1000 Hz) using a differential alternating current (AC) amplifier (Model 1700, A-M Systems) and digitized (1000 Hz) using a 1322A Digidata (Molecular Devices, Sunnyvale, CA). Additional off-line filtering of 10 -20 Hz low pass was also performed routinely to resolve slow ischemic depolarization. The EEG was also used to define the point of ischemic onset by examining when ischemia was sufficient to suppress the spontaneous EEG; in our hands this occurred within tens of seconds of physically occluding the vessels. EEG data were collected using Clampex 8 and analyzed using Clampfit 8 or 9 (Molecular Dynamics). For recording of DC potentials we used a DAM 50 amplifier (World Precision Instruments) using Teflon-coated chlorided silver wires (0.125 mm in diameter, Ͻ1 mm of tip stripped by heating) placed as described above, and using a second reference electrode placed on the paw (filter set at 0.1-1000 Hz).
In some cases, an AC amplifier was used to record ischemic depolarization. This amplifier measures a rippling slow waveform corresponding to an AC-filtered DC shift. To confirm that the slow AC EEG waves triggered by ischemia were coincident a depolarizing DC shift in cortical potential (relative hyperpolarization of extracellular space), we recorded from a subset of animals fitted with both AC and DC electrodes. We observed good correspondence between the ischemic onset and the latency to both slow AC and DC waveforms (115 Ϯ 5 s and 115 Ϯ 7 s for DC and AC recording, respectively, n ϭ 3 ischemic trials) (data not shown). To confirm that the ischemic depolarization was a synchronous depolarizing wave, we fitted some animals with two cortical electrodes several mm apart and observed excellent correspondence between them indicating that the signal we observed on the EEG was the average response of a very large cortical area and reflects synchronous activity. Synchrony between electrodes is not unexpected given we have implanted the electrodes within the freely conductive agarose overlying the brain. In some animals, we used a reference electrode placed over the animal's back between the forelimbs and also observed a fast contaminating signal on the EEG associated with the heartbeat. To confirm that the heart beat artifact was not altering cortical EEG activity, we also used another ground location over the nasal bone. In two animals where two different reference electrodes were used and data collected with the two grounding locations simultaneously (on two different channels), we obtained excellent correspondence in the slow waves indicating that the reference electrode position and cardiac artifact did not complicate interpretation of EEG results (data not shown). The embedded heart rate artifact allowed us to assess the cardiovascular fitness of animals subjected to global ischemia models. In most animals studied we observed a relatively normal heart beat of ϳ400 -600 beats per min (Appleton et al., 2004) during preischemic periods that usually was not altered during global ischemia. In some animals, we did observe slowing of the heart rate after ischemic onset which in some cases became more pronounced, resulting in the death of ϳ20% of animals.
In addition to measuring the heart rate electrophysiologically, we also assessed physiological parameters using a Starr Life Sciences (Oakmont, PA) Mouse-Ox pulse oximeter, mounted on the right hindlimb or the tail. Assessment of blood oxygen saturation (on average Ͼ90%) and heart rate (400 -600 beats/min) in a subset of animals indicated that, under the conditions we used for imaging, physiological parameters were relatively constant over the course of our experiments. Bilateral CCA occlusion in some cases resulted in a reversible reduction of oxygen saturation (Ͻ90%) that typically fully recovered within 5-10 min of reperfusion. All animals were under urethane anesthesia and were freely breathing air during monitoring and for all experiments.
Image analysis. Image analysis was performed using ImageJ soft-ware (http://rsb.info.nih.gov/ij/). To reduce photon and photomultiplier tube noise, a median filter (radius, 1 pixel) was applied to all images. Spine counting and blood-flow measurements were done as described previously . To assess dendritic blebbing after global ischemia, we estimated the fraction of blebbed dendrites by scoring 20 m dendritic segments observed in maximal intensity projections, as well as the 3D stack, as normal or blebbed for time points taken before, during, or after brief ischemia. Counting the segments was aided by the use of a grid with 20 m squares placed in ImageJ. Blebbed dendrites have regular swellings and have a "beads on string" appearance as described previously by Zhang et al. (2005) and investigators working in vitro and with histology (Hori and Carpenter, 1994; Park et al., 1996; Andrew et al., 2007) . For the calculation of dendritic blebbing during occlusion, the last image stack taken before reperfusion was used. We scored dendrites as having blebs if they exhibited regularly spaced and rounded herniations that were punctuated by interbleb regions with lower, or in some cases nearly undetectable fluorescence. Blebbed regions were of larger diameter than their parent dendrite. These rounded structures were distinct from axonal boutons and passing dendrites cut in cross section that were observed in all animals prestroke and were checked by examining 3D stacks in addition to z-projections.
To quantify the IOS changes, video image stacks were imported and analyzed using custom written ImageJ plugins. To produce a color somatosensory response map, we thresholded the average ratio image (stimulated/control) to show the size of the functional map before and after ischemia. The threshold was based on 50% of maximal response derived from a smoothed line profile.
For statistical analyses that compare the difference between three or more groups, a one-way ANOVA was used with an ␣ value for significance of 0.05; in cases where multiple post hoc comparisons were made, the Bonferroni's multiple comparison test was used. Comparison of two groups was made by t test. Data are expressed as the mean Ϯ SE, unless otherwise stated. IOS imaging responses were normalized to control values (i.e., forelimb stimulation in forelimb territory) and an ANOVA followed by Dunnet's multiple comparison post hoc tests were performed using Graphpad Prism. For post hoc IOS ANOVA testing, response amplitudes from all groups were tested versus nonspecific responses; either control forelimb-stimulus response recorded in the hindlimb area or control hindlimb-stimulus response recorded in the forelimb area were defined as nonspecific.
Results

A global ischemia model compatible with two-photon imaging
We first devised an ischemia model that could be rapidly and reproducibly used in conjunction with two-photon imaging to produce defined ischemic episodes with robust reperfusion (Fig. 1 A) . This procedure extends our previous focal ischemia models Zhang and Murphy, 2007) , as well as irreversible cardiac arrest models used by others (Chuquet et al., 2007; Takano et al., 2007) , by providing rapid induction of ischemia and controlled reperfusion. To accomplish this, we reversibly and bilaterally occluded the CCAs of adult urethane anesthetized C57/B16 mice. To quantify changes in blood flow elicited by CCA ligation, we used two-photon imaging ( Fig. 1 A-C) (Kleinfeld et al., 1998; Zhang et al., 2005; Nishimura et al., 2006; Schaffer et al., 2006) . We measured red blood cell (RBC) velocity in small vessels on average 4.3 Ϯ 0.2 m in diameter (Fig. 1 B) . During occlusion, RBC velocity in the same vessels was reduced by Ͼ95% (n ϭ 7 animals). Removing tension on CCAs restored flow to Ͼ75% of control levels within 10 min (Fig. 1C) .
A rapid and reversible loss of dendritic structure during global ischemia After establishing a model where reversible ischemia was produced during two-photon imaging, we sought to determine its impact on dendrite and spine structure in layer V neuron apical tufts ( Fig. 2 A-C). Dendritic structure was quantified within the first 100 m of cortex in 16 XFP transgenic mice where both ischemia and reperfusion was confirmed (78% of dendrites exhibited blebs at the last time point before reperfusion) (for group data, see Fig. 2 B) . The loss of structure was characterized by a blebbing of dendrites and a loss of a significant fraction of spines ( Fig. 2 A, C, supplemental Movie 1, available at www.jneurosci.org as supplemental material). Although the dendritic swelling was severe, careful inspection of 3D stacks revealed that most Figure 1 . Common carotid artery occlusion reversibly blocks local cortical blood flow. A, Experimental schematic; 6 -8 min of bilateral CCA occlusion was produced by tensioning sutures placed around each artery while imaging, reperfusion was induced for up to 2 h by removing the tension, and in some animals a second round of CCA occlusion was performed. B, Examples of two-photon imaging of blood flow using Texas Red-labeled plasma. Moving red blood cells create dark streaks across vessels as they are scanned. The angle of streaks in vessels that are oriented horizontally was used to determine velocity. Under control conditions two vessels are shown, the smaller of which is a capillary. Blood-flow velocity was calculated in millimeters per second, and negative values correspond to right-to-left flow. The inset shows a close up of streaking along the capillary used for blood flow velocity measurements. In the larger vessel, blood-flow direction has reversed and is now left to right, hence, positive values. The bottom image is a maximal intensity projection over 100 m of cortex showing vessels that are deeper. C, Group data from animals (n ϭ 7) showing average red blood cell velocity for small vessels (4.3 Ϯ 0.2 m diameter) before, during CCA occlusion, and at various time points after. A one-way ANOVA indicated a significant reduction in velocity during occlusion (*p Ͻ 0.05).
spines were still present on blebbed dendrites; on average ϳ30% of spines were transiently lost ( Fig. 2 A, C) .
To compensate for small ischemiainduced changes in focus and/or dendrite warping, all dendrites were imaged using z-stacks of ϳ20 -30 m of layer I cortex taken at ϳ1-3 min intervals. Spine turnover was always assessed by examining 3D stacks. As evidence that optical changes were not a major factor in the loss of spines and structure, we observed that other labeled structures, such as blood vessels filled with TR dextran, did not undergo significant degradation in resolution during ischemia (Figs. 1B, 3E). Analysis of labeled capillaries indicated that during CCA occlusion their diameter was relatively unaffected (4.9 Ϯ 0.2 m preischemia vs 4.6 Ϯ 0.2 m during occlusion; n ϭ 14 vessels), despite dendrites around them becoming markedly swollen.
After ϳ6 -8 min of ischemia, reperfusion was initiated by loosening tension on the CCAs and blood flow quickly returned (Fig.  1C) . Under these conditions, we observed a return of relatively normal dendritic structure over 30 -60 min, with some animals even showing some recovery within 10 min of reperfusion ( Fig. 2A) . When reperfusion was initiated, dendrites and spines appeared to regain their initial structure with lost spines reappearing at the same sites and exhibiting similar structure (Figs. 2A,C, 3E, 5B). In 7 of 14 animals in which reversible ischemia was induced and recovery examined after Ͼ1 h, we observed a nearly complete return of dendritic structure after the first round of ischemia (recovered to 10% or less blebbed dendrites). Analysis of individual spines in 10 animals (with a lower density of XFP-labeled neurons) indicated that on average ϳ30% of spines were lost during both the 6 -8 min period of occlusion and first 13.8 Ϯ 1.4 min of reperfusion (Fig. 2C) . To simplify matters, we assessed the recovery of spines at a long time point (averaged 87 min after ischemia induction) and found that most had recovered. Interestingly, 6.0 Ϯ 2.4% of spines observed under control conditions could not be found at ϳ80 min after ischemia ( Fig. 2C ) (n ϭ 8 animals). We have assessed rates of spine turnover in mice not subject to CCA occlusion and recovery using an identical craniotomy preparation and anesthesia and find that spine loss over an even longer period of 6 h in the same region of cortex was significantly lower and only 0.19 Ϯ 0.023%; n ϭ 6 animals, p Ͻ 0.05 t test (Brown et al., 2007) . A second round of ischemia (ϳ2 h after the first) also led to reversible dendritic damage and spine loss. In five animals in which second rounds of ischemia were given and recovery was followed for Ͼ60 min (for both ischemic episodes), we observed a significantly more dendritic beading after 60 min of recovery from the second round of ischemia (data not shown), suggesting an accumulation of ischemic damage with multiple episodes.
Circuit function reverses with reperfusion
To assess recovery of cortical circuit function we used somatosensory stimulus evoked IOS imaging (Bonhoeffer and Grinvald, 1993) (Fig. 3) . These signals reflect hemodynamic re- Figure 2 . Reversible loss of spiny dendritic structure during bilateral carotid artery occlusion. A, Maximal intensity projection images of layer V neuron tuft dendrites (maximal intensity projection image) before and 4 min after ischemia and various time points during reperfusion. The white-boxed area in the top left corresponds to a region in close up images shown in the close-up panel below. Bottom, Close-up views of top panels; white arrowheads show the location of dendritic spines present throughout the ischemia/reperfusion; larger gray arrows indicate transiently lost spines. B, Average percentage of blebbed dendrites during CCA occlusion and the indicated average times of reperfusion. All changes in blebbed dendrite percentages were significantly different from control except for 106 min of reperfusion (by one-way ANOVA, *p Ͻ 0.05; data from n ϭ 16 different animals). C, Group data showing changes in spine number relative to control preischemia conditions in 10 different animals during occlusion (n ϭ 711 spines), ϳ5 min after reperfusion (n ϭ 801 spines), ϳ15 min after reperfusion (n ϭ 310 spines), and ϳ80 min reperfusion (n ϭ 688 spines). A significant difference (*p Ͻ 0.05) was observed between control and occlusion, control and 5 min reperfusion, and control and 14 min reperfusion (by one-way ANOVA).
sponses that are stimulated by underlying neuronal activity. In six animals before ischemia, we found that movement of either the contralateral forelimb or hindlimb (100 Hz, 1 s stimulus) would produce a change in the IOS within the appropriate somatosensory cortex territory in which dendrites were also imaged using twophoton microscopy during reversible ischemia ( Fig. 3A-E) . After forelimb stimulation (over 1.5 s), the reflected light signal within the forelimb area was reduced consistent with a local increase in deoxyhemoglobin associated with increased neuronal activity (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) (Devor et al., 2003; Dunn et al., 2005) .
Assessment of somatosensory stimulus evoked maps at time points averaging 0.75-2 h after ischemia (n ϭ 6 animals) indicated that restored dendritic structure was associated with cortical function (Fig.  3C,D) . At 0.75-2 h after CCA ligation, map amplitudes were not significantly different when compared with preischemic controls, and the maps appeared to have the same general shape and dimensions (Fig. 3C,D) . The presence of relatively normal maps at 0.75-2 h after CCA occlusion suggested that reperfusion was associated with normal activity-induced hemodynamic responses. A concern with IOS mapping is that hemodynamic responses may predominantly reflect presynaptic activity because previous data indicate that they are not reduced by antagonists of excitatory receptors in the olfactory bulb (Gurden et al., 2006) . However, the olfactory bulb may be a unique case because it receives strong afferents and has relatively little intrinsic circuitry. Given rich intracortical circuits, we would expect the maps we observe (in particular in superficial layers where we monitor IOS) to be dependent on the disposition of postsynaptic circuits such as dendrites. Consistent with this proposal, we find that CNQX treatment (see Fig. 8 F, G) completely suppressed both forelimb and hindlimb activity evoked IOS maps in three of three separate animals. In addition, the return of sensory-evoked IOS maps we observe (after reperfusion) correlates with the return of spontaneous EEG activity consistent recovery of both presynaptic and postsynaptic circuits (see below). To further examine this issue, in two animals using voltage sensitive dyes that directly measure sensory-evoked depolarization (Grinvald and Hildesheim, 2004; Ferezou et al., 2006) , we confirmed that somatosensory cortex function was present 40 -90 min after reperfusion (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
To determine whether transient depression of IOS maps was observed just after CCA occlusion we produced maps within the first 45 min after ischemic onset by beginning stim- Figure 3 . Analysis of cortical function during reversible alteration in synaptic structure during ischemia. A, Composite video and two-photon images; background shows a low power view of the cortical surface vasculature produced by illuminating the cortex with green light. The inset shows a branched large vessel (area with white box around it) where two-photon imaging of both blood flow and dendrite structure were performed. The color composite image (red and green) on the right is of both dendrites (green) and vessels (red). Dendrites were found to undergo a reversible change in structure within this region (see E). B, Grayscale map derived from stimulating the contralateral hindlimb (HL); image represents the percentage change in 635 nm reflected light observed 0 -1.5 s after limb stimulation. C, C', Color IOS response maps produced using a threshold based on 50% of the smoothed maximal response value. Areas responding to contralateral hindlimb stimulation are coded in green, whereas contralateral (FL)-responsive areas are coded in red. Before the ischemic onset, discrete hindlimb and territories can be observed. At an average time of 50 min after ischemia, both the hindlimb and maps have nearly recovered. An EEG recording electrode is also visible below the hindlimb area. D, Analysis of group data indicate that a significant contralateral limb stimulated response returns for trials taken on average 0.75-2 h after ischemia (n ϭ 6 animals). No significant IOS responses were evoked for trials taken on average 15-45 min after ischemia with either contralateral limb stimulus (n ϭ 4 animals). No significant response was observed when the contralateral forelimb was stimulated and the IOS response quantified in hindlimb territory, or vice versa, indicating specificity. Responses were normalized to control (prestroke) contralateral forelimb and hindlimb responses in their respective territories. (*p Ͻ 0.05, one-way ANOVA). E, Close-up view of dendrites and vessels from the area outlined in panel A at the border of the hindlimb area showing intact dendritic and vessel structure during the first 2 min of ischemia (before ischemic depolarization). The next set of images was taken after ischemic depolarization (5 min after occlusion) and show extensive dendritic damage. The right-most panel shows structural recovery 1 h after reperfusion.
ulus trials as early as 6 min after reperfusion in four animals (Fig. 3D) . As expected from analysis of structural data (where variability was highest during the first time points after reperfusion), considerable differences were observed in map function between animals at early time points after reperfusion. Some animals showed little or no map function up to 45 min after ischemic onset, whereas others had relatively normal maps at these early time points. Reversible depression of hindlimb sensory evoked maps was also observed using VSD imaging at these early time points (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Given this potential variability in early map recovery, and our requirement to average trials using interstimulus intervals of up to 20 s, we have not performed an extensive analysis of IOS or VSD maps within ϳ15 min of reperfusion after CCA occlusion.
Electroencephalogram alterations indicate a delayed ischemic depolarization
Although we show reversal of structural and functional deficits with reperfusion, we had little insight into their initial triggers. In the example shown in Figure 4 , A and B, extensive damage occurs ϳ3 min after the onset of ischemia and progresses over a period of seconds suggesting that rapid electrical events may lead to a wave of synchronous damage. To assess the mechanism by which rapid changes in dendritic structure occurred, we included AC and/or DC EEG electrodes within the agarose overlying the craniotomy (see Figs. 8 F, 9A) . During periods of baseline activity in preischemic animals, we observed a robust regular EEG signal consisting of relatively low-frequency ϳ1 Hz activity expected with urethane anesthesia (Fig. 4C) (Kerr et al., 2005) . Bilateral CCA occlusion resulted in a rapid suppression of EEG activity within 10 -20 s (Fig. 4C) . Powerspectrum analysis indicated that EEG power (squared millivolts per hertz) in the 1 Hz range (0.3-3 Hz) was reduced by Ͼ90%. The average EEG power suppression within the first 20 min after ischemia was to 2 Ϯ 4% of preischemic values (n ϭ 7 animals). Given these robust changes, the loss of a normal cortical EEG was used as a marker of ischemic onset (also confirmed using video imaging and two-photon imaging of blood flow).
In 20 animals studied by EEG (either AC or DC recordings), we observed slowly developing electrical activity that was consistent with a shift in DC potential (Ͻ0.1 Hz) that appeared 109.79 Ϯ 11.0 s after the onset of electrical silence induced by CCA occlusion (Fig. 4C) . The shift in DC potential with ischemia was reversible and returned to near baseline .5 s after occlusion of both CCAs and was taken before ischemic depolarization (C). Because of relatively poor z-resolution, oversampling results and some processes are viewed in multiple images taken 5.5 s apart. B, Same region as in A; a change in dendritic morphology occurs at 217.5 s, just after the onset of a DC potential shift observed at ϳ200 s after occlusion (C). Because the EEG electrodes sample a large area and the depolarization moves slowly across the brain (ϳ3 mm/min), the EEG signal can occur before a local change in morphology is observed. C, Record of DC cortical surface potential from the same animal as imaged in A and B. Left, A DC shift was observed ϳ200 s after bilateral CCA occlusion. Right, AC filtered EEG record (0.1-10 Hz bandpass), indicating rapid suppression of the EEG during ischemia and return of spontaneous activity over a 20 -30 min period.
(67% recovery) values after a 629 Ϯ 44 s period of sustained depolarization (n ϭ 5 ischemic trials in 4 animals) (Fig.  5A ).This slow synchronous activity had temporal characteristics associated with previously described ischemic or anoxic depolarization (Ayad et al., 1994; Li et al., 2000) . To avoid fluctuations in recording conditions associated with the handling of animals during CCA occlusion, we used AC coupled recordings or AC filtering (0.1-10 Hz bandpass) of DC potentials (Fig. 4C) to assess when ischemic electrical silence occurred. During reperfusion, we observed a return of relatively normal EEG activity (by comparison to preischemic power spectra) over a 20 -60 min period (Fig. 4C) , similar to the time required to observe consistent restoration of intrinsic optical signals produced by forelimb stimulation. In Figure 4C , the EEG amplitude can be roughly assessed from the thickness of the record shown. We assessed recovery of EEG power after reperfusion in seven animals and found that on average 39 Ϯ 30% returned 2 h after reperfusion (measured at 1 Hz). This recovered EEG power at 2 h was similar in power spectrum to that observed in animals before ischemic treatment, and was depressed during a subsequent round of ischemia (data not shown). The reasons for the incomplete return in EEG amplitude after reperfusion are unclear, but it is important to consider that EEG amplitude reflects coherent activity and is not necessarily a reliable measure of the potential for synaptic activity. Conceivably, the incomplete return of EEG activity could also be attributed to ischemia-induced downregulation of AMPA receptors as observed previously by others in vitro (Ikegaya et al., 2001 ).
Intracellular calcium elevation accompanies dendritic damage and ischemic depolarization
Relatively few studies have evaluated [Ca 2ϩ ] i during ischemia and reperfusion in vivo (Silver and Erecinska, 1992; Du et al., 2005) . We extend this previous work by determining how [Ca 2ϩ ] i changes are temporally related to changes in cortical structure and function. To further investigate the mechanism of ischemic damage to dendrites we assessed intracellular [Ca 2ϩ ] i changes with the fluorescent indicator OGB-1AM (Fig. 5, supplemental Figs. 3, 4 , available at www.jneurosci.org as supplemental material). Loading OGB-1 AM was by pressure injection ϳ200 m below the cortical surface (Stosiek et al., 2003; Ohki et al., 2005; Winship et al., 2007) . This procedure results in strong labeling of layer II neuron cell bodies that begin to be visible ϳ100 m below the cortical surface. Above layer II and toward the cortical surface in layer I were a Figure 5 . Changes in intracellular calcium in vivo during transient ischemia coincide with slow EEG activity and dendritic beading. A, Change in normalized OGB-1 fluorescence taken from the neuropil in layer I cortex of an animal subjected to bilateral CCA ligation. To control for changes in fluorescence intensity with depth, the OGB-1 fluorescence during ischemia was divided by that obtained just before the onset of ischemia using identical settings and laser power. On the same time scale, we plot the cortical DC EEG indicating that the change in OGB-1 fluorescence was coincident with ischemic depolarization. The ischemic episodes were within a single animal taken ϳ2 h apart; both episodes showed an OGB-1 fluorescence increase and ischemic depolarization after CCA occlusion. B, Composite image showing GFP-labeled dendrites surrounded by diffuse OGB-1-labeled layer I neuropil from the same animal as the one 4 shown in A. Maximal intensity projections were made over 4 m. Note that no OGB-1-labeled glial or neuronal cell bodies were present here. At 206 s after ischemic onset and after ischemic depolarization (estimated to have occurred at 117 s), the layer I neuropil shows a large increase in OGB-1 fluorescence indicating a sudden rise in [Ca 2ϩ ] i . At this time, the dendrites have become severely blebbed, seen over a uniform change in background neuropil OGB-1 fluorescence. Note that because z-stacks were only taken every 2 min, 206 s was the earliest time point after ischemic depolarization with images of these laterally projecting dendrites. The images are of lower contrast because OGB-1 labels the background neuropil. Two minutes after reperfusion (Reper; 514 s after occlusion), neuropil OGB-1 fluorescence levels are already beginning to decline and 13 min after ischemia the dendritic structure is nearly fully restored (738 s). C, Composite image showing GFP-labeled dendrites surrounded by diffuse OGB-1-labeled layer I neuropil from the same animal as the one shown in A and B after the second period of ischemia. Sequential 1 m sections through the tissue are shown as in Figure 4 A. At 153 s after CCA occlusion and after ischemic depolarization (occurs at ϳ142 s), the OGB-1 fluorescence markedly increased in the layer I neuropil and the dendrites became suddenly blebbed indicating near coincidence between Ca 2ϩ elevation and dendritic structural changes.
few labeled astrocytes as well as diffuse labeling of passing fibers believed to be axons and dendrites of neurons in deeper layers (Kerr et al., 2005) . Based on these findings, we have termed these diffuse OGB-1-labeled fibers the neuropil, and show that they can exhibit somatosensory stimuli-evoked Ca 2ϩ elevations (Winship et al., 2007) with rapid kinetics distinct from slower glial Ca 2ϩ transients (Nimmerjahn et al., 2004; Wang et al., 2006) . Before ischemia, we averaged fluorescence over 5.5 s periods that were long enough to dampen any spontaneous Ca 2ϩ dependent fluctuations in neuropil OGB-1 signal (Kerr et al., 2005) . Because the layer I neuropil was where the XFP-labeled dendrites were located, we restricted our analysis of OGB-1 to this region. We have chosen to use OGB-1 (a green flurophore) despite overlap in emission with XFPs because we believe OGB-1 gives better neuronal signals than red calcium indicators. Another advantage of OGB-1 is its significant basal fluorescence that allowed us to confirm that effective dye loading had occurred. Importantly, we show that XFP fluorescence does not increase during ischemia (actually decreases, see Materials and Methods) (Silver and Erecinska, 1992) . Conversely, low affinity fluorescent indicators may be unable to pick relatively smaller changes in [Ca 2ϩ ] i during reperfusion. In all ischemic episodes studied, and coincident with ischemic depolarization (assessed by either the AC ripple EEG signal or DC shift) we observed a sudden rise in [Ca 2ϩ ] i levels commencing 142.3 Ϯ 12.4 s (n ϭ 14 ischemic trials in 11 different animals) after ischemic onset that was maintained for several hundred seconds (451.3 Ϯ 60.1 s, n ϭ 7 ischemic trials in 5 animals) (Fig. 5A ). In the same animals that underwent abrupt elevations in [Ca 2ϩ ] i we observed slow changes on the EEG (either AC ripple or DC shift indicative of massive depolarization) that began 136.9 Ϯ 13.7 s after ischemic onset. The fact that the EEG changes began just before the abrupt change in [Ca 2ϩ ] i is not surprising because the large EEG electrodes were placed within the conductive agarose overlying the brain and would be expected to pick up signals first as the slow waves enter the craniotomy.
During reperfusion no additional abrupt elevations in [Ca 2ϩ ] i were observed in seven ischemic trials studied in separate five animals (we did not have reperfusion data on all animals). Fluorescence levels returned to near baseline values during reperfusion (Fig. 5 A, B) , suggesting that most of the Ca 2ϩ dependent damaging events occurred during the initial 6 -8 min of ischemia. It is conceivable that the observed reduction in fluorescence intensity during reperfusion could be attributable to leakage of the indicator from neurons or changes in imaging conditions and not [Ca 2ϩ ] i levels normalizing. To check that sustained indicator saturation or loss from cells did not account for the reversible nature of ischemia-evoked [Ca 2ϩ ] i transients we asked whether transients were repeatable within the same animal. The effects of ischemia on [Ca 2ϩ ] i levels were repeatable within the same animal during a second round of occlusion ϳ2 h (increase in [Ca 2ϩ ] i observed in three animals) (Fig. 5 A, C, supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). During the second ischemic episode, the latency between the onset of ischemic depolarization and changes in OGB-1 fluorescence was also well preserved, consistent with ischemic depolarization being the cause of the abrupt Ca 2ϩ increase (Fig. 5, supplemental Figs. 4, 6 , available at www.jneurosci.org as supplemental material). The ability to produce multiple ischemia-induced [Ca 2ϩ ] i signals within the same animal suggests that OGB-1 does not leak appreciably from cells or remain saturated ϳ2 h after occlusion and reperfusion. Furthermore, our results are consistent with intracellular ion sensitive microelectrodes used in the CA1 region in vivo where transient global ischemia induced [Ca 2ϩ ] i elevation could return to baseline within tens of minutes of reperfusion (Silver and Erecinska, 1992) .
The observation that ischemic depolarization causes the largest and most abrupt increase in [Ca 2ϩ ] i would suggest that this event is critical for altering the structure of synaptic circuits. Consistent with this proposal we observed changes in dendritic structure that were coincident with both the ischemic depolarization as measured by EEG activity and the elevation in [Ca 2ϩ ] i detected with OGB-1 dye (Fig. 5 B, C) . To assess this quantitatively we measured the average latency between the change in dendritic structure and the abrupt elevation in OGB-1 fluorescence signal to be ϳ6 s with the elevation in [Ca 2ϩ ] i just preceding the change in structure (5.5 Ϯ 1.3 s for n ϭ 9 ischemic trials in 7 animals) (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material).
Rapid loss of synaptic structure and ischemic depolarization does not result from a loss of membrane integrity
A concern mentioned previously is that leakage of Ca 2ϩ indicator from cells resulting from membrane breakdown or permeability to nonselective ion channels (Thompson et al., 2006) may underlie the apparent decrease in layer I neuropil [Ca 2ϩ ] i signal observed during reperfusion. To better understand whether small molecule Ca 2ϩ indicators are retained during and after ischemia, we have assessed membrane integrity during the rapid ischemia-induced deformation of dendrites by measuring the uptake of PI, a membrane impermeable nucleic acid stain. In four animals we evaluated the influx of PI into the somata of layer II neurons by preinjecting it into the imaging area 45-90 min before induction of ischemia. Layer V neuronal somata were too deep to reliably image after ischemia so we evaluated layer II cell bodies, which also send dendrites to layer I. We find that PI is retained extracellularly within healthy brain tissue and is largely nonfluorescent until it enters cells with permeable membranes and undergoes nucleic acid binding (Sun et al., 2006) . Previous studies have shown that PI (MW, 414 g/mol) enters cells during membrane breakdown and through some gap junction type channels (Elfgang et al., 1995) . Before ischemia, PI injection resulted in labeled dura and a few damaged neurons within layer II confirming that adequate dye was present. Induction of ischemia for 6 -8 min produced characteristic EEG changes, but failed to cause any additional PI uptake and nucleic acid labeling, even 30 -40 min after induction of ischemia (n ϭ 4 separate animals). However, at longer time points 60 -90 min after ischemia, we observed that PI labeling of layer II neuron cell bodies was apparent (in two of four animals) (supplemental Fig. 5 , available at www.jneurosci.org as supplemental mate-rial). The images shown were projected over 90 m of cortex so the total number of PI positive neurons in this large volume is actually relatively low. These results indicate permeability to polar tracers can occur at later time points, but does not contribute to rapid deterioration of dendritic structure observed minutes after global ischemia onset. Our results showing little permeability of membranes within 40 min of ischemia to low molecular weight dyes suggests that substances such as ATP and other intracellular constituents that appear extracellularly are not released through wide-spread loss of membrane integrity in vivo (Contreras et al., 2004) . Perhaps, in vitro studies of ischemia showing increased membrane permeability (Thompson et al., 2006) model relatively later stage in vivo events that reflect delayed membrane breakdown (that we observe in some animals after 40 min) and possibly precede cell death.
The role of NMDA receptors
The literature is divided on the role of NMDA-type glutamate receptors in ischemia. NMDA receptor antagonists have been implicated previously in ameliorating ischemic cell death, and can have robust effects in some in vivo and in vitro models (Lee et al., 1999; Hoyte et al., 2004; Simon, 2006) . However, in vivo rodent global ischemia data (Corbett et al., 1990; Diemer et al., 1992; Olsson et al., 2003) , as well as human clinical stroke trials (Lee et al., 1999; Hoyte et al., 2004; Simon, 2006) have been unable to indicate a clear causal role of these receptors under the conditions in which receptor antagonists were applied. Accordingly, we determined whether treatment with the NMDA receptor blocker (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801) would effect either the loss of dendritic structure or the elevation in [Ca 2ϩ ] i observed with OGB-1. To apply MK-801, we initially used intraperitoneal delivery (5 mg/kg; n ϭ 2) and observed no reduction in dendritic structural changes during bilateral CCA occlusion. Although MK-801 has been routinely administered by intraperitoneal injection (Corbett et al., 1990) , we noticed that some animals given systemic MK-801 may have developed respiratory problems. Accordingly, we mostly used local application of MK-801 directly to the open craniotomy (300 M; n ϭ 7 animals) with a preincubation period as described previously to reduce systemic effects (Gurden et al., 2006) ; note a relatively high concentration was used because of expected dilution. To ensure continued delivery of MK-801 it was also mixed (30 M) with the overlying agarose when it was cooling before application to the craniotomy.
Positive controls for MK-801 action in vivo
Although the doses and concentrations of MK-801 used would be expected to effectively block NMDA receptors, we nonetheless confirmed their actions in vivo. Confirmation of MK-801 action was performed using Ca 2ϩ imaging. NMDA 500 M was applied by local pressure ejection in a red fluorescent Alexa 594 solution to confirm agonist ejection (Fig. 6 A) . Before MK-801 administration, robust NMDA-evoked calcium transients were observed within layer II neuronal cell bodies (present ϳ100 m below the surface) and passing OGB-1-labeled neuropil fibers (Fig. 6 B) . MK-801 addition by 30 min local infusion resulted in a complete blockade of the NMDA evoked response in 4 separate animals. To check that these treatments did not render neurons unresponsive to all elevations in [Ca 2ϩ ] I , we also showed in the some animals that addition of a non-NMDA receptor dependent agonist such as kainate (data not shown) could elicit a Ca 2ϩ elevation. These data indicate that concentrations of MK-801 were sufficient to block NMDA receptors at cortical depths in excess of 100 m. Given that dendritic structure and Ca 2ϩ elevation was typically studied within the first 70 m, we believe our pharmacological treatments are sufficient to fully block the NMDA receptor at the depths where imaging of dendrites were performed.
No reduction in dendritic damage, spine loss, or early changes in [Ca 2؉ ] i in MK-801-treated animals
In the presence of MK-801, dendritic blebbing averaged 72% during occlusion and peak changes in neuropil OGB-1 fluorescence (2.2 Ϯ 0.3 F isch /F con , n ϭ 10 control animals vs 2.0 Ϯ 0.2 n ϭ 4 MK-801 animals; p Ͼ 0.05) were not significantly reduced by MK-801 versus untreated controls (Fig. 7 , supplemental Movies 2, 3, available at www.jneurosci.org as supplemental material). The ability of dendrites to recover structure during reperfusion was also unaffected by MK-801 treatment (Fig. 7) . Ischemic depolarization as assayed by DC EEG recordings still occurred and was of similar magnitude to that observed in the absence of MK-801 (Ϫ15 Ϯ 1.1 mV, n ϭ 8 MK-801, vs Ϫ12 Ϯ 1.1 mV, n ϭ 7 control animals; p Ͼ 0.05).
AMPA/kainate receptor antagonists do not affect dendritic blebbing or ischemic depolarization
Previous studies indicate a role for the AMPA-type glutamate receptor in mediating ischemic damage both in vitro and in vivo (Sheardown et al., 1990 (Sheardown et al., , 1993 Buchan et al., 1991; Gaspary et al., 1994; Gressens et al., 2005) . To determine the role of non-NMDA type ionotropic glutamate receptors in early ischemic changes in vivo, we used treatment with the competitive antagonist AMPA/kainate antagonist CNQX (Sheardown et al., 1990 (Sheardown et al., , 1993 Gressens et al., 2005) and assessed whether it would alter ischemia-induced depolarization and changes in dendrite structure (Fig.  8 A-D) . We have chosen to use CNQX a competitive AMPA and kainate receptor antagonist because it is readily soluble in water allowing us to preload the brain with high concentrations. AMPA selective noncompetitive antagonists of 2,3-benzodiazepine structure such as 4-(8-methyl-9H-1,3-dioxolo[4,5-h][2,3]benzodiazepin-5-yl)-benzenamine hydrochloride (GYKI 52466) have poor solubility making them difficult to apply in a concentrated manner. CNQX is also closely related and only twofold less potent than its analog NBQX. NBQX has been shown to reduce the effects of focal and global ischemia in vivo, at concentrations equal or lower than 2,3-benzodiazepines (Sheardown et al., 1990 (Sheardown et al., , 1993 Gressens et al., 2005 ). An advantage of using CNQX as an anti-excitotoxic drug is that it also potently blocks kainate receptors (more potent than NBQX), and also has some activity against glycine binding at NMDA receptors further increasing its neuroprotective potential (Sheardown et al., 1990) .
We first established whether a similar treatment paradigm to MK-801 would give indications that AMPA/kainate receptors were blocked locally within somatosensory cortex in vivo. CNQX was preincubated at a concentration of 5 mM over an open craniotomy in an extracellular solution for 30 min. To ensure sustained delivery of CNQX, we also included it within the agarose overlying the brain at 1 mM. To determine whether CNQX effectively antagonized AMPA receptors in vivo, we measured spontaneous EEG activity that is expected to be dependent on AMPA-receptor depolarizations. Assessment of EEG power at 1 Hz indicated a reduction of 70 Ϯ 6% after CNQX treatment (n ϭ 7 animals) (Fig.  8 B) . The observation that CNQX did not completely abolish EEG activity could be related to the use of relatively large surface electrodes that pick up signals from outside of the craniotomy where CNQX did not have access. Conversely, unblocked EEG activity during CNQX treatment ], or dendritic damage. A, Maximal intensity projection images (10 m) from an NMDAR-antagonist (MK-801, applied locally) treated mouse showing GFP-labeled spiny dendrites and OGB-1 fluorescence in layer I. The left image was taken before bilateral CCA occlusion. After occlusion (center image), an increase in neuropil fluorescence and disruption of dendritic structure was observed. After reperfusion (right image), a reduction of neuropil OGB-1 fluorescence and recovery of dendritic structure was observed. B, C, Quantification of neuropil OGB-1 fluorescence from the MK-801-treated animal in A over short (B) and long (C) time scales shows a rapid increase in neuropil fluorescence 140 s after occlusion of the CCAs. The ratio values in B were calculated for individual frames of a stack for neuropil regions of interest and divided by values for the same frames taken before ischemia (as in Fig. 5B ). The graph in C (slower time scale) was produced by averaging all neuropil fluorescence over each projected stack and dividing by a corresponding preischemia value. D, E, Cortical DC potential recording from the same MK-801-treated animal on short (D) and long (E) time scales indicate that an ischemic depolarization occurs after occlusion of the CCAs. Recovery of the cortical DC potential was observed after reperfusion at 400 s. Because of handling the animal during occlusion and reperfusion, sharp artifactual transients (near 0 and 300 s) and shifts in baseline are observed during reperfusion. F, Group data on percentage of blebbed dendrites (n ϭ 5) in MK-801-treated animals. A significant difference (*p Ͻ 0.05 by one-way ANOVA) was observed between control and occlusion, and control and 2 min reperfusion. G, Group data showing changes in 4 spine number relative to control preischemia condition in 5 MK-801-treated animals during occlusion (n ϭ 625 spines), ϳ3 min after reperfusion (n ϭ 620 spines), ϳ15 min after reperfusion (n ϭ 461 spines), and ϳ80 min after reperfusion (n ϭ 469 spines). A significant difference (*p Ͻ 0.05 by oneway ANOVA) was observed between control and occlusion, and control and 3 min reperfusion.
could be caused by neuronal activity in deeper brain regions. To assess whether evoked somatosensory stimulus-driven activity was antagonized by CNQX in three separate animals, we performed IOS mapping in response to stimuli given to the fore or hindlimb before and after CNQX treatment. In all three animals, the somatosensory maps were completely blocked by the CNQX, confirming that a sufficient local level of antagonist had been reached (Fig. 8 F, G) .
After establishing the efficacy of CNQX in vivo, we determined whether this treatment would affect ischemic depolarization or morphological changes caused by brief periods of global ischemia. The assessment of six animals indicated that ischemic depolarization was not significantly altered by CNQX treatment in amplitude (10.9 Ϯ 1.1 mV) or latency (131 Ϯ 17 s), when compared with untreated controls. Furthermore, ischemia-induced loss of dendritic spines also still occurred in CNQX-treated animals: 33 Ϯ 6% spine loss within 10 min of ischemic induction (data from seven ischemic episodes performed in five different animals). We also assessed dendritic blebbing in CNQX-treated animals and observed no significant reduction in blebbing despite antagonism of the AMPA receptor (four separate animals were quantified for the first stroke) (Fig. 8 C-E) . These findings when considered along with data using MK-801 suggest that early changes in dendritic morphology and ischemic depolarization can occur independently of ionotropic glutamate receptor activity. As a check that CNQX entry into the brain was not limiting in one animal, we completely removed the overlying dura, treated with CNQX, and still observed rapid changes in dendritic morphology at the time of ischemic onset (data not shown). To determine whether the CNQX effect was not overcome by the high glutamate concentrations present during ischemia we also treated three separate animals with 100 M GYKI 52466 and assessed dendritic blebbing in a similar manner to CNQXtreated animals and did not observe an apparent reduction. It is conceivable that this concentration of GYKI 52466 was insufficient to fully block AMPA receptors, but we were unable to use more concentrated solutions because of limitations in solubility. In GYKI-treated animals limb stimulation evoked IOS maps were still present (in five of five animals assessed) suggesting an insufficient block of AMPA receptors compared with CNQX (data not shown).
Propagation of a global depolarization during global ischemia
The timing of the ischemic depolarization observed during our EEG recordings indicated that it was similar to a spreading wave of depolarization previously shown to envelop brains subjected to global ischemia or injury in human clinical studies (Strong et al., 2002) , rodents in vivo (Hossmann, 1996) , and in vitro brain slices (Jarvis et al., 2001) . To address this hypothesis, we performed IOS imaging during ischemia induction to examine the relationship between the observed EEG changes and waves of propagating depolarization. We relied on activity-induced changes in the 635 nm reflected light signal from the cortical surface as used by others to monitor ischemic depolarization or spreading depression (Pouratian and Toga, 2002; Chen et al., 2006; Brennan et al., 2007) . Associated with ischemia was a darkening of the brain and major vessels that presumably reflects increased absorbance of cortical tissue (supplemental Movie 4, available at www.jneurosci.org as supplemental material), caused by relative deoxygenation of hemoglobin (Fig.  9) . After 119 Ϯ 12 s of ischemia, we observed a spreading wave of increased light scattering moving across the cortex at a velocity of 55 Ϯ 10 m/s (n ϭ 6 animals, ϳ3.3 mm/min), similar to the velocity observed in brain slices (Andrew et al., 1999) and in vivo (Hossmann, 1996) . This wave was well synchronized with slow AC-filtered changes on the cortical EEG that reflect ischemic depolarization (Fig. 9B) . In all animals in which the wave was studied, we observed it to start as an increase in scattering (brighter image) from the most anterior and medial portions of the cortex and to spread posteriorly and laterally (supplemental Movie 4, available at www.jneurosci.org as supplemental material).
To determine whether the temporal relationship between ischemic depolarization and the observed changes in [Ca 2ϩ ] i and dendritic structure was not merely fortuitous, we assessed whether the latencies (from ischemic onset) between ischemic depolarization and structural change, or [Ca 2ϩ ] elevation and structural change were correlated between multiple ischemic episodes. In the example in supplemental Figure 4 (available at www.jneurosci.org as supplemental material), the onset of ischemic depolarization varies by up to 60 s between two ischemic episodes (same animal), yet the latency to calcium elevation is within 10 s. Analysis of group data indicated a tight temporal correlation (r Ͼ0.95) (supplemental Fig. 6 , available at www. jneurosci.org as supplemental material) between these values indicating that they are mechanistically linked, and that near coincidence between elevation in [Ca 2ϩ ] i and dendrite structural change is not by chance (a summary of the events associated with ischemia and reperfusion appears in Fig. 10 ).
Discussion
Global ischemia rapidly and reversibly alters cortical structure and function Our results indicate that apical dendritic structure of layer V neurons is dramatically degraded within ϳ2 min of global ischemia. The loss of structure was coincident with a propagating wave of depolarization that spreads across the cortex producing elevations in [Ca 2ϩ ] i similar to those observed in vivo with permanent cardiac arrest or spreading depression (Chuquet et al., 2007; Takano et al., 2007) . Contrary to the assumption that reperfusion would be associated with additional injury (Sugawara et al., 2004) , for these brief periods of ischemia (ϳ7 min), cortical structure, [Ca 2ϩ ] i levels, and somatosensory function were largely recovered after reperfusion. Regarding the physiological relevance of our findings, periods of ischemia sufficient to cause structural damage to dendrites would be encountered during cardiac arrest and resuscitation. However, the ability of brief ischemia (ϳ2 min) to cause structural alteration to dendrites suggest that common medical procedures such as bypass surgery that have brief interruptions in blood flow could lead to structural alteration of synapses. Indeed, forms of dementia are attributed to brief periods of cerebral ischemia associated with switching patients to temporary cardiac bypass (Roach et al., 1996; Stutz, 2003; Newman et al., 2004) . Other conditions with brief recurrent ischemia would be chronic sleep apnea, as well as transient ischemia attack, both of which are associated with progressive vascular dementia (Roman, 2005) .
Relationship to selective neuronal loss in global ischemia models
Most previous work in rodent global ischemia concerns the selective delayed death of hippocampal CA1 neurons triggered ischemia in excess of 10 min (Traystman, 2003; Yonekura et al., 2004) . However, studies have also demonstrated delayed loss of C57BL/6 mouse cortical neurons caused by brief global ischemia using similar models (Olsson et al., 2003; Yonekura et al., 2004) . It should be noted that most strains of mice will not undergo forebrain ischemia when subjected to bilateral CCA occlusion because they have redundant posterior pathways of circulation (Yang et al., 1997) . The C57BL/6 mice we used typically lack posterior communicating arteries, allowing the effects of CCA occlusion to not be circumvented by posterior circulation.
Our observation of reversible changes in synaptic structure raises the question of whether similar events occur routinely during global ischemia in animal models. Studies indicate that during global ischemia in rodents, evoked synaptic activity is transiently suppressed (Gao et al., 1998) , but can partially return within 24 h after reperfusion. Interestingly, seemingly Figure 9 . Wavesoflightscatteringfromthecorticalsurfacesignalischemicdepolarizationduring bilateral common carotid artery ligation. A, The brain was illuminated with light from 635 nm LEDs and ratio images (images were divided by a preischemic baseline image) were created depicting changesinreflectedlightsignalϪ34,73,and83srelativetoischemiconset.AttheϪ34stimepoint, a uniformly gray image is shown before ischemia indicating little regional difference in light scattering. The brightening of the image on the top right corner is a wave of increased light scattering that propagatesacrossthecortex(fromanteriorlateralregionstomedialposterior)duringischemicdepolarization.B,QuantificationofchangesinlightscatteringintheanimalshowninA(madefromanarea of interest in the image center). The disruption in signal just before the start of ischemia is from handlingtheanimal(blockingLEDs,Ϫ30 -0s).Aftercarotidligationandoverthefirst75s,thereisa gradual darkening of the cortex and a reduction in reflected light signal. At 75 s, the signal changes from a darkening to brightening and a wave of increased reflection spreads across the brain (upward deflection). In the bottom graph, the cortical EEG measured at the same time is plotted and indicates rapid EEG suppression during CCA ligation followed by a slow AC EEG ripple (AC-filtered version of DC shift) that is coincident with the wave of light scattering.
recovered neurons with relatively normal synaptic properties (Gao et al., 1998) were lost to apoptosis days later. These results suggest that the reversible structural alterations we observe may act as, or accompany later apoptotic signals. Because structural changes can be reversible, it is conceivable that if effective neuroprotectants were developed, neurons with relatively normal synaptic structure could be saved. The relatively short occlusion times we used may also act as preconditioning signals that by themselves cause little neuronal loss, but protect against cell death after subsequent challenge with longer ischemia (Gidday, 2006; Stenzel-Poore et al., 2007) . Previous histological studies suggest that brief periods of global ischemia (1.5 min) in gerbils can lead to an increase in hippocampal spine density and the development of ischemic preconditioning over a period of days (Corbett et al., 2006) . Interestingly, over short 2 h time scales we found that dendritic damage was enhanced during a second ischemic episode indicating that rapid forms of preconditioning (PerezPinzon et al., 1999) may not occur in this system.
Mechanism of propagated structural damage and depolarization
Previous work indicates that ischemic depolarization is common in both focal and global stroke models (Hossmann, 1996 (Hossmann, , 2006 . The mechanism of ischemic depolarization appears to be multifactorial and involves a combination of neurotransmitter release, receptor stimulation, and energy failure. Why ischemic depolarizing waves propagate across the cortex at regular velocity is not fully understood. Pharmacological intervention in a number of mechanisms have been only partially successful in stopping the wave, and notably the waves can still occur in the absence of NMDA receptor (NMDAR) activity in vitro (Jarvis et al., 2001) and in some studies in vivo (Xie et al., 1995) . Consistent with this we find that the noncompetitive NMDAR antagonist MK-801 failed to block ischemic changes in dendritic structure, or rapid elevation in [Ca 2ϩ ] i . Perhaps global ischemia studies showing neuroprotection with MK-801 (Lee et al., 1999; Hoyte et al., 2004) may have been attributed to its side effects such as hypothermia (Corbett et al., 1990) . Post-treatment hypothermia (Nurse and Corbett, 1996) was also offered as an explanation for apparent neuroprotective effects of AMPA receptor antagonists in vivo (Sheardown et al., 1990; Buchan et al., 1991; Gaspary et al., 1994; Gressens et al., 2005) , that we also fail to observe correlates of in our assays of acute dendritic changes. In the case of NMDA receptors, we do not rule out that in focal ischemia MK-801 may reduce aggravating factors such as periodic ischemic depolarizations that emanate from a site of ischemia increasing local metabolic demand, leading to further reductions in blood flow (Iijima et al., 1992; Hossmann, 1996 Hossmann, , 2006 Shin et al., 2006) . Although the detailed mechanism by which dendrites become damaged during ischemia is not complete, during the passage of ischemic depolarization extracellular Ca 2ϩ concentration can fall by a factor of 10 (Kristian and Siesjo, 1998) as a result of massive intracellular ion uptake that can apparently occur in the absence of NMDAR activity. The coincident elevations in [Ca 2ϩ ] i and depolarization we observe are consistent with massive ion flux during ischemic depolarization. Although we show a tight temporal relationship between changes in [Ca 2ϩ ] i and the loss of dendrite structure, it is conceivable that Ca 2ϩ -independent events such as Cl Ϫ and Na ϩ redistribution may be also important in vivo, as observed in excitotoxin-induced dendritic beading in brain slices (Hoskison et al., 2007) and cell cultures (Hasbani et al., 1998) . It is conceivable that after Na ϩ and Cl Ϫ influx water may enter dendrites leading to blebbing. This idea is consistent with neurons undergoing a net water entry during anoxic depolarization (Andrew et al., 2007) .
What underlies the reversible change in dendritic structure during ischemia
The trigger for ischemia-induced rapid deterioration of dendritic structure is clearly associated with the wave of depolarization and ion flux from its timing. However, what causes the dendrites to undergo such radical changes in structure is likely related to several factors at work. Studies indicate that dendritic blebbing can be caused by an anoxically triggered aggregation of cytoskeletal proteins, some of which are ubiquinated (Hu et al., 2001; Takeuchi et al., 2005) , as well as a wave of mitochondrial depolarization (Greenwood et al., 2007) . Electron microscopy of gerbil cortex after 5 min of global ischemia revealed swollen apical dendrites and mitochondria, as well as vacuole formation and disintegration of microtubules (Tomimoto and Yanagihara, 1992) . In our images, dendritic blebs (that are likely the vacuoles seen in ultrastructure) are of larger volume than the areas between blebs, suggesting that blebs do not merely reflect a redistribution of XFP. In contrast, the regions between blebs appear to lose volume during ischemia. A loss of volume could be caused by compression by swollen components of adjacent cells. It is well documented that ischemic ion influxes trigger massive cell swelling characterized by a reduction in extracellular volume (Andrew et al., 1999; Hossmann, 2006) . Interestingly, previous in vitro data indicate that neurons swell only mildly when depolarized, and only undergo blebbing when they are both ischemic and depolarized (Andrew et al., 2007) . These findings would suggest that if the propagating ischemic depolarization we observe spread to areas with normal blood flow, it may not necessarily affect the structure of nonischemic neurons.
With regard to ischemia-induced optical artifacts causing spines to disappear and dendrites to bead, we believe that this is unlikely for a variety of reasons: small labeled vessels are still well resolved, both dendritic swelling and constrictions are observed (not merely blurring), and recovery of dendritic damage parallels neuronal function. Similar changes in structure can be produced in vitro using excitotoxins where imaging is less sensitive to environment (Hasbani et al., 2001; Ikegaya et al., 2001) . In in vitro studies, spine loss was similar in Figure 10 . Global ischemia structural and ionic mechanisms (in vivo timeline). Summary timeline for the first 2 h after 6 -8 min of global ischemia followed by reperfusion in layer I cortex.
neurons colabeled with both YFP and DiI, indicating that the effect is not unique to soluble XFP labeling (Hasbani et al., 2001) . Data from investigators using in vitro ischemia, tissue cooling, and epilepsy support findings that spines can be reversibly altered (Hasbani et al., 2001; Kirov et al., 2004; Zeng et al., 2007) . The ability of spines to disappear and reappear in the same locations could be attributed to detachment and reattachment of actin-based spines and their postsynaptic densities to the cytoskeleton (Schell and Irvine, 2006) .
In summary, we provide evidence of rapid loss and recovery of spiny dendrite structure during brief global ischemia. Structural changes were not observed until a propagating wave of ischemic depolarization and [Ca 2ϩ ] i elevation occurred (Fig. 10) . We hope that these data provide insight into the relative timing of events associated with damage to synaptic circuitry during ischemia, and help to guide therapeutic strategies that target mechanisms of ischemic depolarization, or benefit from reperfusion-induced recovery of synaptic structure and function. Note, because Z-stacks were only taken every 3 min, 282 s was the earliest time point after ischemic depolarization with images of laterally projecting dendrites. These images are fairly low resolution since OGB-1 labels the background neuropil and images were only taken every 4
µm. 2 min after reperfusion (622 s after occlusion) neuropil OGB-1 fluorescence levels are already beginning to decline and 27 min after ischemia the dendritic structure is nearly fully restored (1596 s). The data shown reflects the second period of ischemia given to this animal and demonstrates that despite more than 3 h after loading of OGB-1 and a previous ischemic episode, the OGB-1 is still retained within cells and responsive.
Supplemental figure 4. Repeated ischemic depolarization and calcium-induced increases in
OGB-1 fluorescence in layer I neuropil within a single animal given strokes 2 h apart.
During both strokes a tight temporal relationship is observed between the AC ripple signal seen on the EEG (a filtered version of the DC shift) and OGB-1 fluorescence.
Supplemental figure 5. A lack of membrane permeability to small molecules during ischemic depolarization and dendritic structural breakdown. The images shown are maximal intensity projections taken over an area where layer II neuronal cell bodies are present (-150 to -240 µm). Note the images were projected over 90 µm of cortex so the number of PI positive neurons is actually relatively low. Prior to ischemia membrane impermeable propidium iodide was injected extracellularly, about 40 min after ischemia no significant labeling is observed, but at later timepoints a number of presumably neuronal cells bodies were observed. Movie 4. Changes in reflected light signal (ratio to preischemic condition, scaled between 95-105% of baseline reflectance) associated with ischemic depolarization over a 5 min period within a 3.1 mm wide brain window. Black corresponds to 95% or less reflectance, gray is 100%, and white is 105% of more at control levels. The star on the upper right marks the time when ischemic depolarization was observed by monitoring the EEG (AC ripple signal duration indicated by slow presence). The time per frame is 1 s and the movie starts 28 s before the induction of ischemia as defined by EGG suppression. At the beginning of the movie the image is a uniform gray that corresponds to 100% of preischemic reflected light levels. Within 30 s the surface vessels darken followed by the surrounding tissues indicating deoxygenation.~170 s after occlusion a wave of brightening (increased light scattering) begins to move across the cortex starting with the most anterior and lateral tissues.
